Abstract: It is known that the microturbellarian Stenostomum sphagnetorum, a common ciliate predator, is very sensitive against different types of toxins produced by other ciliates for chemical defense, and consequently, it is not able to capture and ingests these ciliates. In particular, when the predator tries to attack one of these toxin-secreting ciliates, it is forced to regurgitate the captured prey in response to the toxin discharged from the ciliates. In this study it is shown that after repeated attacks by S. sphagnetorum against two species of toxic ciliates (Spirostomum ambiguum and Spirostomum teres), the predator acquires a behavior of prey selection that leads to the exclusion of these ciliates among the possible prey and to the distinction between edible and inedible (toxic) ciliates. This learned behavior, which is maintained for days, is lost only after the asexual reproduction of the microturbellarian. In addition, S. sphagnetorum learns to recognize and avoid specimens of S. ambiguum and S. teres artificially deprived of their toxins, strongly suggesting that the toxins are not exclusively associated in the prey recognition of the microturbellarian.
Introduction
Recent studies have shown that the freshwater microturbellarian Stenostomum sphagnetorum Luther, 1960, which is a common predator of a large number of protists, in particular species living as bottom dwellers in lakes and ponds, can interact with different ciliate species both as predator and as prey (Buonanno 2005 (Buonanno , 2009 ). Among these kinds of interactions some ciliates have evolved different defensive strategies to avoid the predation by microturbellarians. An example is given by the inducible defenses where ciliates in the genus Euplotes may show phenotypic and behavioral changes induced by the release of an active kairomone from the predator (Kuhlmann & Heckmann 1985 , 1994 Kush 1993; Hammil et al. 2009 ). Instead other ciliates are able to release some secondary metabolites (toxins) from peculiar organelles called "extrusomes" to ward off potential predators including microturbellarians (Harumoto et al. 1998; Buonanno 2005; Buonanno et al. 2005) . Extrusomes are membrane-bound organelles that ciliates evolved in association with their cortex, and have the unique capacity to be discharged in response to a variety of environmental stimuli (Hausmann 1978) . Recently, it was shown that S. sphagnetorum is "immune" to several extrusomal toxins such as stentorin from Stentor coeruleus Ehrenberg, 1830 (Buonanno 2005) , climacostol from Climacostomum virens Ehrenberg, 1833 (Buonanno 2005; Buonanno et al. 2008; Pucciarelli et al. 2008; Buonanno & Ortenzi 2010) or blepharismin from Blepharisma japonicum Suzuki, 1954 (unpublished data) and, consequently, the predator is able to capture and ingest these ciliates. On the contrary, S. sphagnetorum is very sensitive to loxodesin(s) from Loxodes striatus Ehrenberg, 1830 (Buonanno 2005; Buonanno et al. 2005) or spirostomin from Spirostomum teres Claparède et Lachmann, 1858 (Buonanno 2005 . In particular when the microturbellarian tries to attack a specimen of L. striatus or S. teres, it is forced to regurgitate the captured prey due to the toxin discharge from the ciliates temporarily trapped into the predator's pharynx (Buonanno 2005) . In general, a successful attack of S. sphagnetorum against a toxin-secreting ciliate seems to be related to the sensitivity of the predator for different extrusomal toxins. However, with regard to this last type of interaction, it was recently observed that S. sphagnetorum, after few attempts, stops the attacks against toxic ciliates ignoring the subsequent encounters. On the basis of these preliminary observations, the present study examined the possible involvement of learning in predatory behavior of S. sphagnetorum on two species of toxinsecreting ciliates, S. teres and Spirostomum ambiguum Ehrenberg, 1835.
Material and methods

Organisms and cultures
The catenulid microturbellarian Stenostomum sphagnetorum (approx. 1400 × 110 µm) was kindly provided by Dr. (Miyake et al. 2003) , grown in boiled lettuce medium inoculated with Enterobacter aerogenes 2 days before use (Miyake & Beyer 1973) . Spirostomum ambiguum (approx. 1000 × 60 µm) stock Pol-5 (Buonanno & Ortenzi 2010) , Spirostomum teres (approx. 380 × 40 µm) stock Pol-1 (Buonanno 2005) and Blepharisma japonicum (approx. 350 × 150 µm) stock R1072 (Harumoto et al. 1998) were cultured in bacterized culture medium. Debris in the cultures were removed as described in Miyake & Honda (1976) using a nylon net with a mesh size appropriate to the respective organism. All organisms were cultured and handled at room temperature (23 ± 1
• C) and used 1 day after they had consumed the food.
Preparation of extrusome-deficient specimens of S. ambiguum and S. teres Extrusome-deficient specimens of S. ambiguum and S. teres were obtained according to published protocols (Miyake et al. 2003; Buonanno 2005 ) and based on a cold-shock induction of extrusome discharge. Dense suspensions of ciliate specimens (about 30,000/ml) were quickly mixed in a 1:5 ratio with ice-cooled SMB, at 0
• C for 1 min, and then centrifuged at about 50 g to separate specimens from the supernatant. Precipitated specimens were washed twice, resuspended in SMB at room temperature for 2 h, and then used in experiments. The extrusome-deficient specimens obtained by this procedure were healthy as control specimens (Miyake et al. 2003; Buonanno 2005; Buonanno et al. 2005 ).
Predator-prey experimental design and preparation of "premixed-specimens" of S. sphagnetorum Two different cultures of S. sphagnetorum (80 individuals/ml) were mixed each with a culture of S. ambiguum (360 cells/ml) and S. teres (500 cells/ml) for 24 hours. Most individuals of S. sphagnetorum, observed after 24 h, showed a loss of their predatory behavior during the encounters with the ciliates. Specimens of S. sphagnetorum were then isolated from the mixed cultures (by means of a micropipette under a stereomicroscope), resuspended in SMB for 24 h (unless otherwise specified), and used as premixed-specimens. Individuals from another pure culture of S. sphagnetorum were isolated, resuspended in SMB for 24 h (unless otherwise specified), and then used as control specimens.
To quantitatively analyze the learned behavior in prey selection of the premixed-specimens of S. sphagnetorum, groups of 5 individuals of premixed-specimens of S. sphagnetorum were added each to groups of 10, 20 or 40 specimens of P. tetraurelia, S. ambiguum or S. teres in 250 µl of SMB. These mixtures were made each in 9 replicates, and were observed after 24 hours. The data represent the mean ± standard error (SE) of 9 independent determinations, and the significance of the differences between the mean values was examined by one-way analysis of variance (ANOVA) followed by Tukey-Kramer multiple comparisons test with the minimum level of significance set at P < 0.001.
To analyze the involvement of ciliate toxins in prey selection of the premixed-specimens of S. sphagnetorum, both premixed-and control specimens were mixed with extrusome-deficient cells of S. ambiguum and S. teres.
Specifically five individuals of either premixed-or control specimens of S. sphagnetorum were mixed with 10, 20, or 40 individuals of extrusome-deficient S. ambiguum and extrusome-deficient S. teres in 250 µl of SMB. The mixtures obtained with extrusome-deficient S. ambiguum (here termed 5S-10Sa, 5S-20Sa and 5S-40Sa, respectively) and those obtained with extrusome-deficient S. teres (here termed 5S-10St, 5S-20St and 5S-40St, respectively) were made each in 9 replicates, for both premixed-and control specimens of S. sphagnetorum, and were observed after 24 hours. The data represent the mean ± standard error (SE) of 9 independent determinations, and the significance of the differences between the mean values was examined by Student's t-test with the minimum level of significance set at P < 0.001.
Results
Predatory behavior of S. sphagnetorum on S. ambiguum and S. teres The effects of interactions between counted numbers of S. sphagnetorum and individuals of S. ambiguum and S. teres were, first of all, examined directly under a stereomicroscope. A typical predator-prey interaction between the microturbellarian and S. teres occurred when the anterior part of S. sphagnetorum contacted a specimen of S. teres which was quickly ingested by the predator and regurgitated, immediately after the ingestion, due to the discharge of the toxin by the prey (Buonanno 2005) into the pharynx of S. sphagnetorum (Fig. 1) . In addition, it was observed that if the interaction occurred for three-four times by the same individual of S. sphagnetorum, the predator stopped the attacks ignoring each subsequent encounter, involving a direct contact with specimens of S. teres (Fig. 2) .
Essentially the same results were obtained in experiments involving the interactions between S. sphagnetorum and S. ambiguum, indicating that a chemical defense is also adopted by S. ambiguum, and that S. sphagnetorum learns to avoid repeated attacks against S. ambiguum.
To asses if this acquired behavior in S. sphagnetorum can be observed only against these toxic ciliates, a definite number of Paramecium tetraurelia, which does not produce toxins, and represents a common food for the microturbellarian, was added to mixtures containing either S. sphagnetorum and S. ambiguum or S. sphagnetorum and S. teres. It was observed that S. sphagnetorum remained able to catch and ingest P. tetraurelia, but continued to ignore S. ambiguum and S. teres (50 independent observations). This observation was confirmed by means of a quantitative analysis on predator-prey interactions between premixedspecimens of S. sphagnetorum and specimens of P. tetraurelia, S. ambiguum or S. teres (Fig. 3) . Particularly in the mixtures performed with 5 specimens of S. sphagnetorum and 10 cells of P. tetraurelia, S. ambiguum or S. teres, all the cells of P. tetraurelia disappeared after 24 h, while a significant number of cells of S. ambiguum (7.44, n = 9) and S. teres (6.22, n = 9) survived. Similar results were obtained also when the Fig. 1 . Predator-prey interaction between Stenostomum sphagnetorum and Spirostomum teres. A -an individual of S. sphagnetorum approaches a cell of S. teres, which is (B) suddenly engulfed (arrow) into the pharynx of the microturbellarian. C -the contracted cell of S. teres is regurgitated alive while the predator swims backward. Micrographs extracted from a movie. Fig. 2 . Interaction between a premixed-specimen of Stenostomum sphagnetorum and a cell of Spirostomum teres. A -a premixedspecimen of S. sphagnetorum approaches a cell of S. teres. Bno particular interaction is observed during the contact between the two organisms. C -the microturbellarian continues to swim ignoring the subsequent encounters with other cells of S. teres. Micrographs extracted from a movie. Fig. 3 . Prey selection of the premixed-specimens of Stenostomum sphagnetorum on Paramecium tetraurelia, Spirostomum ambiguum and S. teres. Five individuals of premixed-specimens of S. sphagnetorum were added to groups of 10, 20 or 40 specimens of P. tetraurelia, S. ambiguum or S. teres, and the numbers of the ciliates were counted after 24 hours. Each bar represents the mean (± SE) of 9 independent experiments. *P < 0.001, NS = not significant. premixed-specimens of S. sphagnetorum were added to cultures of P. tetraurelia, S. ambiguum or S. teres after 96 h instead of 24 h (data not shown), and this acquired behavior in S. sphagnetorum was lost only if the premixed-specimens were grown and reproduced asexually. Comparable results were obtained using B. japonicum instead of P. tetraurelia (data not shown) which is a big ciliate, edible by S. sphagnetorum, and with dimensions comparable to those of S. teres. This result suggests that the changes in the predatory behavior of S. sphagnetorum are not affected by the size of the prey.
Stenostomum sphagnetorum is able to reproduce clonally by differentiation of the body into a chain of zooids before undergoing multiple fissions that separates the zooids into new individuals. This clone of S. sphagnetorum, when normally cultured, divides approximately after 48 h (Buonanno 2009 ). When the new individuals encountered specimens of S. ambiguum or S. teres, they tried to catch and engulf the ciliates. To quantify these observations, 18 premixed-specimens of S. sphagnetorum, with no visible sign of fission were isolated, each placed in a depression slide containing 250 µl of SMB and fed with P. tetraurelia. After 72 h, definite numbers of S. teres were added in the depression slides, and the outcome of encounters between S. sphagnetorum and S. teres was observed under a stereomicroscope. The specimens of S. teres were attacked in 53 cases and ignored in 3 cases for all the 56 independent encounters, strongly suggesting that the acquired behavior was lost after the asexual reproduction of the microturbellarians. Similar results were also obtained when S. ambiguum was used instead S. teres.
These experiments indicate that S. sphagnetorum, after few attempts to eat the toxins-secreting ciliates, acquired a behavior of prey selection in order to distinguish edible prey from inedible (toxic) prey, and that this behavior was lost after the clonal reproduction of the microturbellarian.
Predator-prey interactions between S. sphagnetorum and extrusome-deficient cells of S. ambiguum and S. teres It is known that individuals of S. sphagnetorum were able to capture and ingest extrusome-deficient S. teres in almost all the encounters (Buonanno 2005) . In addition it was shown that S. sphagnetorum was also able to eat extrusome-deficient specimens of S. ambiguum (that were ingested in 42 cases and regurgitated in 8, in 50 independent observations). To asses if the learned capacity of premixed-specimens of S. sphagnetorum to avoid the predation of toxic ciliates is directly related to the presence of the toxins, definite numbers of premixed-and control specimens of the predator were added to cultures of extrusome-deficient specimens of S. ambiguum and S. teres. The interactions between the premixed-specimens of S. sphagnetorum and extrusome-deficient cells of S. ambiguum and S. teres seemed to be very similar to those observed between premixed-specimens of S. sphagnetorum and untreated ciliates, with the predator that avoided to attack extrusome-deficient ciliates. On the contrary, control specimens of S. sphagnetorum remained able to capture and ingest extrusome-deficient specimens of S. ambiguum and S. teres. A quantitative analysis (Fig. 4) of these interactions confirms that the learned behaviour of prey selection in S. sphagnetorum is also maintained after the artificial reduction of the extrusomes from the ciliates, strongly suggesting that the toxins are not exclusively associated to the learned behaviour of prey selection in S. sphagnetorum.
Discussion
Studies on involvement of learning and memory in predator-prey interactions between animal species have primarily focused on vertebrates (e.g., Dill 1974; Griffin et al. 2000; Whitam & Mathis 2000) , but some recent studies suggest that also in invertebrates these types of behaviours may depend on experience (Hazlett & McLay 2000; Wisenden & Millard 2001; Turner et al. 2006) . In this regard, Platyhelminthes represent one of the most important phyla of aquatic organisms, but they have not received particular attention (Chivers & Smith 1998; Wisenden & Millard 2001) . In particular, among aquatic flatworms, the only learned behavior Fig. 4 . Predatory behavior of the premixed-specimens of Stenostomum sphagnetorum on extrusome-deficient cells of Spirostomum ambiguum (A) and S. teres (B). Five individuals of either premixed-or control specimens of S. sphagnetorum were mixed with 10, 20 and 40 individuals of S. ambiguum (the 5S-10Sa, 5S-20Sa and 5S-40Sa mixtures, respectively) or with 10, 20 and 40 individuals of S. teres (the 5S-10St, 5S-20St and 5S-40St mixtures, respectively). A -Number of surviving S. ambiguum after 24 h; B -Number of surviving S. teres after 24 h. Each bar represents the mean (± SE) of 9 independent experiments. *P < 0.001.
well described is an antipredator reaction of Dugesia dorotocephala Woodworth, 1897 in response to injuryreleased chemical cues from conspecifics (Wisenden & Millard 2001) . The present study provides the first evidence of recognition learning by a microturbellarian, and the data collected demonstrate that individuals of S. sphagnetorum, after several predation events on toxic ciliate species, such as S. ambiguum and S. teres, become able to learn and recognize these species in order to avoid further attacks. In fact, as reported for other predator-prey interactions, repeated attacks against a toxic prey may be lethal for the predator. This is the case of the raptorial ciliate Dileptus margaritifer Ehrenberg, 1833 which is able to immobilize, kill or fragment unicellular or multicellular prey by means a toxicysts-bearing proboscis, but can be killed during repeated attacks against toxin-secreting ciliates such as S. coeruleus (Miyake et al. 2001) , C. virens (Miyake et al. 2003) or L. striatus . In particular, D. margaritifer swims backward after an attack against one of these toxic prey, while showing some pathological reactions (as the shortening of the proboscis), but in spite of these responses, a retreated D. margaritifer attacks the ciliate again, until its death. In this scenario the learned behavior of S. sphagnetorum, to avoid the repeated attacks on a toxic prey, seems to be crucial in order to increase the probability to survive and reproduce. This acquired behavior in S. sphagnetorum persists for several days and was lost only after the clonal reproduction of the individuals. It is not possible to explain this phenomenon on the basis of the data collected in this work, but it is suggested that the asexual reproduction in microturbellarians could be a prelude of a complete reorganization of the nervous system in all zooids. This could reveal particular interests also in the field of neurobiology since some flatworms show similarities in the organization of their nervous system with the central nervous system of vertebrate embryos (Agata et al. 1998) . The results also indicate that the toxins used by the ciliates for chemical defense are not exclusively related to the recognition system of the S. sphagnetorum, because the learned behavior remains also after the artificial removing of the toxins from the ciliates. Therefore it is likely that additional soluble or membrane-bound molecules of the toxic ciliates are involved in the mechanism of recognition adopted by the microturbellarian.
The colorless toxin produced by S. teres for defense is named "spirostomin" (spiro [(2,5-dimethyl-5,6,7,8- tetrahydronaphtalene-1,4-dione)-8,6'-(pyrane-2,5'-dione)]) and the absolute configuration is actually under study (Sera et al. 2006) . On the contrary, nothing is known about the toxin of S. ambiguum, but the similar sensitivity observed in S. sphagnetorum against these two molecules may suggest a possible similarity also in chemical structures and/or in their mechanisms of action.
The data presented in this work do not provide any evidence about the presence of a substance, pheromone or other specialized chemical signal that S. sphagnetorum uses for the prey recognition, but this could be a good starting point for additional deep investigations. These results, in a more general context, not only deserve further investigations in ethology of microturbellarians, but will also provide new research opportunities for neurobiologists.
